Abstract. We investigated the relationships between oocyte morphology, follicular size and follicular waves using bovine ovaries derived from local abattoirs. Ovaries at the recruitment and selection phases contained larger numbers of oocytes with good developmental ability, although ovaries at the recruitment phase contained the largest numbers of follicles compared with ovaries at the selection and dominant phases. Dominant phase ovaries contained a high percentage of oocytes with as good developmental ability as selection phase ovaries; however, they contained the lowest total number of oocytes with good developmental ability. Small follicles under 3.0 mm in diameter contained large numbers of small and degenerating oocytes. In contrast, follicles more than 3.0 mm in diameter contained a higher percentage of oocytes with good developmental ability.
ecently, large numbers of in vitro derived bovine embryos have become commercially available. These embryos are produced from oocytes derived from abattoir ovaries or are collected from live animals using ultrasoundguided transvaginal ovum pick-up. Ovum pick-up is effective for production of large numbers of blastocysts from a genetically superior cow; however, the number of collected oocytes is limited and the developmental ability of the oocytes is erratic. Only about 30-40% of bovine oocytes dev e lop to t he blastoc yst st age f ollowing maturation, fertilization and culture in vitro. To improve the effectiveness of bovine embryo production in vitro, large numbers of oocytes with good developmental ability need to be collected. For this purpose, the relationships between developmental competence of the oocyte and status of follicles need to be understood.
The intrinsic quality of the oocyte is the key factor that determines its developmental ability to the blastocyst stage [1, 2] . A number of ultrastructural and molecular changes occurring during oocyte development have been linked to developmental competence [3, 4] . Additionally, several reports have investigated the relationships between the developmental ability of oocytes and size of the follicles from which they were derived [5] [6] [7] ; and several reports have also investigated the relationships between the developmental ability of oocytes and ovarian status (follicular wave) [8] [9] [10] [11] [12] . In our previous study, we clarified the relationships between the developmental ability of bovine oocytes, microscopic appearance and ultrastructure of the ooplasm [13] . Moreover, we analyzed part of the metabolic function (ATP content) of bovine oocytes with various morphologies [14] . In the present study, we used pairs of ovaries, isolated all the follicles observed macroscopically and then collected oocytes from the follicles. Finally, the relationships between oocyte morphology, ovarian status in relation to follicular wave and size of the follicles were investigated.
Materials and Methods
Pairs of ovaries from Holstein cows were obtained at local abattoirs, kept in normal saline at 25 to 30 C, and delivered to the laboratory within 6 h after collection. Pairs of ovaries collected from individual cows were divided into 4 categories based on their status, i. e., ovaries having at least one large follicle (≥15 mm; Fol), ovaries having a large corpus luteum (≥20 mm; CL), ovaries having a large follicle and a large corpus luteum (Fol+CL) and ovaries having a trace of ovulation (Ov).
All antral follicles, which were recognized macroscopically (more than about 1.5 mm in diameter), were isolated from pairs of ovaries using scissors and were transferred to HEPES-buffered T y r o d e ' s m e d i u m ( T A L P -H E P E S ) [ 1 5 ] supplemented with 3 mg/ml bovine serum albu min (BSA , Frac tion V ; Sigma -A l drich Chemicals, St. Louis, MO, USA), 0.2 mM sodium pyruvate and 50 µg/ml gentamicin sulfate (Sigma).
After measuring the diameters of the isolated follicles, the follicles were punctured in TALP-H E P E S u s i n g a 2 5 -g a u g e n e e d l e u n d e r a stereomicroscope. The cumulus-oocyte complexes (COCs) released from the follicles were transferred to fresh TALP-HEPES. The morphological characteristics of the COCs were examined under a stereomicroscope, and the COCs were divided into 7 groups based on the appearance of their ooplasm [13] as described in Table 1 . Oocytes having collapsed ooplasm and those without surrounding cumulus cells or with expanded cumulus were categorized as degenerated. In our previous study [13] , oocytes having brown ooplasm (groups 1-3) showed higher developmental rates to the blastocyst stage compared with the oocytes in the other groups (groups 4-7), and their structures appeared to be normal under a transmitted electron microscope (TEM). On the other hand, the structures of the oocytes in groups 4-7 appeared to be abnormal (partially degenerated) under TEM [13] . Therefore the oocytes in groups 1-3 were considered to be oocytes with good developmental ability.
All statistical analyses were performed using StatView version 4.5 (Abacus Concepts, Berkeley, CA, USA) and JMP version 5 (SAS Institute, Cary, NC, USA). Initially, relationships between the developmental ability of the oocytes, follicular diameter and ovarian status were analyzed by three-way analysis of variance (ANOVA). The relationships between ovarian status and follicular size (<3, 3.0-4.9, ≥5 mm) or oocyte morphology were then analyzed by two-way ANOVA followed by Tukey-Kramer's honestly significant difference (HSD) as a post hoc test. The numbers of oocytes with good developmental ability for each ovarian status were compared by one-way ANOVA followed by Tukey-Kramer's HSD as a post hoc test. The percentage of oocyte with good developmental capacity for each follicular diameter was analyzed by chi-square test. Variable ooplasmic features and a diameter of <115 µm
The oocytes in groups 1-7 had several layers of unexpanded cumulus cells. The oocytes in groups 1-6 were ≥115 µm in diameter. *The oocytes in group 5 showed a lower cleavage rate than those in groups 1-3, but the cleaved zygotes from group 5 developed to blastocysts as those from groups 1-3 did.
Results and Discussion
We used 27 pairs of bovine ovaries and collected 1440 follicles (oocytes). Because the oocytes were carefully liberated from the isolated follicles (not by aspiration of follicles with a needle), most of the oocytes were found to have several layers of cumulus investment, and there were only few denuded oocytes. Three-way ANOVA revealed that there was no interaction between all three factors (developmental ability of oocytes, ovarian status and follicular diameter). Therefore the relationships between different combinations of two factors are described below. As shown in Table  2 , the pairs of ovaries in categories Fol and Fol+CL had smaller numbers of follicles than the pairs of ovaries immediately after ovulation (Ov; P<0.05). T h e p a i r s o f o v a r i e s i n c a t e g o r y C L h a d intermediate numbers of follicles compared with the other groups. There was no difference in the numbers of follicles under 3 mm in diameter among the different ovarian statuses; however, category Ov had the largest number of follicles with diameters of 3.0-4.9 mm and more than 5.0 mm. On the other hand, categories Fol and Fol+CL had the smallest number of follicles 3.0-4.9 mm in diameter. The large-sized follicles in categories Fol and Fol+CL seemed to inhibit development of the small-sized follicles. These results suggest that most of ovaries in categories Fol and Fol+CL were at the dominant phase of the ovarian cycle. However, the standard deviation for the mean number of follicles of category Fol+CL was large (44.2 ± 22.4) compared with that for category Fol (32.0 ± 9.8). This was probably due to the presence of degenerating dominant follicles in the ovaries during the recruitment phase. Category Ov was probably at the recruitment phase. Category CL had intermediate numbers of follicles compared with the above 3 categories. Therefore this category seemed to include ovaries that were at the selection phase.
As shown in Table 3 , there was interaction between the mean numbers of oocytes with various morphologies and each ovarian category. The number of group 5 oocytes in category Ov was (4) Fol+CL (13) CL (5) Ov (5) 1 3.0 ± 3.6 2.6 ± 3.9 highest compared with the other morphological groups and ovarian statuses. However, the t e n d e n c y o f t h e r a t i o o f o o c y t e s i n e a c h morphological group was consistent for each ovarian status. The percentages of oocytes in group 5 (pale ooplasm with dark clusters) and 2 (brown ooplasm with a dark zone around the periphery) tended to be higher, regardless of ovarian status. This might mean that the degeneration processes for follicles and oocytes are almost the same regardless of ovarian status and the number of follicles. The number of oocytes with good developmental ability (groups 1-3) was larger in category CL (31.8 ± 10.1; means ± SD) compared with category Fol (13.3 ± 9.2; P<0.05) and tended to be larger compared with category Fol+CL (18.6 ± 11.0; P=0.08). Although the ovaries in category Ov contained the largest numbers of follicles, the number of oocytes with good developmental ability in category Ov (24.4 ± 6.3) was not different from that of category CL. This means that the ovaries in category Ov also had a larger number of oocytes with poor developmental ability (58.2 ± 6.6) compared with those in category CL (32.2 ± 20.1; P= 0.05) and that a large number of oocytes began to degenerate before the selection phase.
In the present study, oocytes with various morphological appearances were collected from follicles for each ovarian category and follicle size. However, tendencies were observed that indicated oocyte origin. As shown in Table 4 , there was interaction between the morphological groups and follicular diameter in terms of the percentages of oocytes. The percentage of oocyte with pale and heterogeneous ooplasm (group 5) was highest in all follicular sizes. A previous study suggested that group 5 oocytes are beginning the process of degeneration [13] . These results suggest that most of the oocytes were degenerating throughout follicular development. The follicles <3.0 mm in diameter had higher percentage of oocytes in group 7 (oocytes with <115 µm in diameter) compared with follicles 3.0-4.9 and ≥5 mm in diameter, and tended to have higher percentage of degenerated oocytes compared with these follicles (P=0.09). It has been reported that the diameter of bovine oocytes increases with follicular development [16] ; therefore it is normal for small oocytes to be collected from small follicles. However, many degenerated oocytes were also collected from small follicles in the present study. This result indicates that a large number of oocytes degenerate during early follicular development, although follicles <3.0 mm in diameter also contain regressing follicles which have developed to more than 3 mm in diameter.
The percentages of oocytes in groups 2 and 3 tended to be lower in follicles <3.0 mm in diameter than 3.0-4.9 and ≥5 mm in diameter (P=0.06 and 0.10, respectively). Therefore the percentage of oocytes with good developmental ability (groups 1-3) was lower in follicles <3.0 mm (27.9% [63/ 226]) in diameter compared with 3.0-4.9 and ≥5 mm in diameter (43.8% [275/628] and 40.6% [238/ 586], respectively). A previous report [17] showed that oocytes from large-sized (≥5 mm) and medium-sized follicles (3-5 mm) have similar developmental capacity and that oocytes from Recently, some offspring have been obtained after in vitro growth of bovine oocytes derived from early antral follicles (under 0.7 mm in diameter) [18, 19] . However, their developmental ability was very low compared with that of the oocytes usually used for in vitro embryo production. This low developmental ability is not only due to suboptimal in vitro growth culture conditions, but may also depend on oocyte destiny and the process of degeneration. These in vitro grown oocytes show various appearances [18] , which can be classified to groups 3-5 in our present and previous studies [13, 1 4 ] . O u r r e s u l t s m a y p r o v i d e i m p o r t a n t information to clarify follicular growth, follicular d e g e n e r a t i o n a n d t h e r e a s o n s f o r p o o r developmental capacity of oocytes derived from in vitro growth culture. However, further study is warranted in order to examine the relationships b e t w e e n f o l l i c u l a r / o o c y t e g r o w t h a n d developmental ability of oocytes.
In summary, the present study revealed the relationships between oocyte morphology (developmental ability), ovarian status and follicular diameter. Briefly, ovaries at the recruitment and selection phases contained larger numbers of oocytes with good developmental ability, although ovaries at the recruitment phase contained the largest numbers of follicles. Dominant phase ovar ies contained a high percentage of oocytes with as good developmental ability as selection phase ovaries; however, they had the lowest total number of oocytes with good developmental ability. Small follicles under 3.0 mm in diameter contained large numbers of small and degenerating oocytes. In contrast, follicles more than 3.0 mm in diameter contained a higher percentage of oocytes with good developmental ability. Our results suggest that the selection phase is the optimum period for collection of oocytes and therefore is recommended for ovum pick-up. Ovaries from this phase have been found to have a large number of oocytes with good developmental ability and a large number of large diameter follicles, which makes them easy to aspirate or manipulate during ultrasound-guided oocyte collection.
